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Introduction
Among B16 mouse melanoma cells, F10 and BL6 cells are nearly identical except for their metastatic behavior (1) . Both cell types colonize the lungs when injected into the tail vein (experimental metastasis assay). In contrast, when injected subcutaneously into the footpad (spontaneous metastasis assay), BL6 cells are much more metastatic than F10 cells (1) . Since the spontaneous metastasis assay reflects the in vivo sequence of metastatic events, it appears that BL6 cells may possess the full complement of factors essential for metastasis, all or some of which may be missing from F10 cells. Alternatively, F10, but not BL6 cells, may express a factor that suppresses metastasis. Genes encoding such factors are likely to be differentially expressed between the two cell lines. We have reported previously an improved method for constructing subtracted cDNA libraries (2) (3) (4) . Application of this method to F10 and BL6 cells yielded a set of genes that were transcriptionally upregulated in BL6 cells (5, 6) . Here, we report that connexin 26 (Cx26) is one of these genes and may regulate the metastatic phenotype of melanoma cells.
Connexins are a family of at least 12 proteins that make up the intercellular channels of gap junctions (7) . Gap junction hemichannels, called connexons, are composed of homomeric or heteromeric hexamers of connexins and provide conduits for the direct passage of ions and other low-molecular-weight molecules, including second messengers, between cells (8) . This type of intercellular communication is the essence of direct contact-mediated cell-growth control and is important for many physiologic and developmental processes (9) (10) (11) . Several reports have shown that gap junctional intercellular communication (GJIC) is disturbed during carcinogenesis (12) (13) (14) (15) (16) . On the other hand, the role of connexins in the acquisition of more malignant phenotypes remains controversial (17) (18) (19) (20) .
Cx26 expression has been examined intensively in hepatocytes and squamous epithelial cells under physiologic and pathologic conditions (15, (21) (22) (23) (24) . The expression level of Cx26 is believed to decrease as hepatocytes and keratinocytes acquire the potential to proliferate autonomously (21, 23) . We reported that transfection with Cx26, but not with Cx40 and Cx43, F10 and BL6 sublines of B16 mouse melanoma cells are metastatic after intravenous injection, but only BL6 cells are metastatic after subcutaneous injection. We found that connexin (Cx) 26 is upregulated in BL6 cells. To examine gap junction formation, we devised a coculture system, in which an opened vein segment was placed at the bottom of a culture dish and then dye-labeled melanoma cells were seeded onto it. Immunohistochemistry indicated that the vein segment preserved the integrity of the endothelial monolayer. In this system, BL6 cells could transfer dye into endothelial cells but F10 cells could not. Transfection with wild-type Cx26 rendered F10 cells competent for coupling with endothelial cells and as spontaneously metastatic as BL6 cells. Conversely, transfection with a dominant-negative form of Cx26 rendered BL6 cells deficient in coupling and less metastatic. In human melanoma lesions, the level of Cx26 expression was low in melanoma cells residing in the basal layer, but significantly upregulated in melanoma cells invading the dermis. The results suggested that Cx26 plays a role in intravasation and extravasation of tumor cells through heterologous gap junction formation with endothelial cells.
produced an inhibitory effect on the in vitro and in vivo growth of HeLa squamous cell carcinoma cells (15) . On the other hand, the role of Cx26 during carcinogenesis of melanocytes and the malignant progression of melanoma cells is poorly understood. In the present study, we found that BL6 cells expressed Cx26 as abundantly as liver tissues. Subsequently, BL6 cells, but not F10 cells, were found to constitute a GJIC-competent cell population. Interestingly, BL6 cells could readily form a heterologous gap junction with endothelial cells, but could not form them efficiently with each other. The spontaneous metastasis assay indicated that the formation of such heterologous gap junctions by Cx26 might be responsible for the successful metastasis of F10 and BL6 cells.
Methods
Cell lines and culture. B16, F10, and BL6 melanoma cells were kindly provided by I.J. Fidler (The University of Texas, Houston, Texas, USA). NIH3T3 and SVEC4-10 mouse endothelial cells were purchased from American Type Culture Collection (ATCC; Manassas, Virginia, USA). All cells were maintained in DMEM supplemented with 10% fetal calf serum (growth medium). HUV-EC-C human endothelial cells were purchased from ATCC and maintained in HUVE cell culture medium (Nissui Pharmaceutical Co., Tokyo, Japan). To maintain the transfectants, the growth medium was supplemented with G-418 at a final concentration of 2 mg/mL.
Isolation of cDNA clones. Total RNA was extracted by the guanidine thiocyanate/CsTFA method from F10 and BL6 cells, and then poly(A) + RNA was purified by using oligo-dT cellulose. The cDNA libraries were prepared by the linker-primer method using plasmid pAP3neo, and the subtracted cDNA library was constructed according to methods described elsewhere (2) (3) (4) . After the subtraction process was repeated four times, approximately 1,500 clones were rescued. From these, the clones transcriptionally upregulated in BL6 cells were selected by Northern blot analysis and sequenced. The DNA sequences were used to search the high throughput genomic sequences (htgs) database (http://www.ncbi.nlm.nih.gov/BLAST/blast_databas-es.html) using the Basic Alignment Search Tool (BLASTN) algorithm. Colonies (2 × 10 6 ) of the BL6 cDNA library in pAP3neo were transferred to a nylon membrane and hybridized with [α-32 P]dCTP-labeled cDNA inserts of clones from the subtracted cDNA library. Plasmid DNAs were purified from the positive colonies and sequenced.
Plasmid construction. Using the pAP3neo vector containing the full-length cDNA for Cx26 (pAP3neo-Cx26) as a template, PCR was performed with the following set of primers: F-Asc-ATG, 5′-CATGGCGCGCCGATG-GATTGGGGCACACTCC-3′ (containing an AscI site at the 5′ end); R-Cx26, 5′-TTTGTTTGGGAGCTTTGGGG-3′. The PCR-amplified DNA fragments, corresponding to the 5′ portion of Cx26 cDNA, were treated with Klenow DNA polymerase and then with BstXI. The plasmid construct pAP3neo-Cx26 was sequentially treated with MluI, Klenow DNA polymerase, and BstXI to obtain the linearized plasmid construct lacking the 5′ portion of the Cx26 cDNA. The resulting plasmid was ligated with the PCR-amplified DNA fragments treated to contain blunt 5′ ends and BstXI sites at the 3′ ends. The 1.3-kblong, in-frame AscI-ApaI (the ApaI site is located in the 3′ UTR of Cx26) cDNA fragment for Cx26 was used as an insert for ligation with the pcDNA3 expression vector, which contains the cytomegalovirus promoter (Invitrogen, San Diego, California, USA), after modifying pcDNA3 in the following manner (pcDNA3-Cx26 WT ). A synthetic linker carrying an AscI site (5′-AGCTTGGCGCGCCA-3′) was inserted into the HindIII site of the pcDNA3 vector. This modification allowed the cDNA insert to be fused in-frame by way of the AscIApaI sites. Three substitutions of Cys-60 → Phe, Pro-87 → Leu, and Arg-143 → Trp were introduced into the wild-type cDNA of Cx26 using the site-directed mutagenesis method as described (pcDNA3-Cx26 C60F , pcDNA3-Cx26 P87L , and pcDNA3-Cx26 R143W ) (25) . To obtain the mouse full-length cDNA for Cx32, PCR was performed using the mouse liver cDNA as a template with the following set of primers: F-Cx32, 5′-CATG-GCGCGCCGATGAACTGGACAG-3′ (containing an AscI site at the 5′ end); R-Cx32, 5′-TAGGAAGGGAGGGAAG-GTTTGA-3′. The PCR-amplified cDNA fragment was subcloned into the T7Blue vector (Novagen, Madison, Wisconsin, USA). After amplification, the 1.0-kb-long, in-frame AscI-NotI (the NotI site is located in the multicloning site of the T7Blue vector) cDNA fragment for Cx32 was excised and ligated with the modified pcDNA3 vector by way of AscI-NotI sites (pcDNA3-Cx32 WT ). All the plasmid constructs were sequenced to confirm that no mutation had been introduced by PCR.
Transfectant clones. F10 and BL6 cells were transfected with the pcDNA3 vector containing the wildtype or mutated forms of Cx26 or Cx32 using the calcium phosphate coprecipitation technique and selected for resistance to G-418 (2 mg/mL). The F10 clones were: F10-pcDNA3 containing the empty pcDNA3; three independent clones, F10-Cx26 WT -1, -2, and -3 containing pcDNA3-Cx26 WT ; F10-Cx26 C60F , F10-Cx26 P87L , and F10-Cx26 R143W containing pcDNA3-Cx26 C60F , pcDNA3Cx26 P87L , and pcDNA3-Cx26 R143W , respectively; two independent clones, F10-Cx32 WT -1 and -2 containing pcDNA3-Cx32 WT . BL6 clones were: BL6-pcDNA3 containing the empty pcDNA3; two independent clones, BL6-Cx26 C60F -1 and -2 containing pcDNA3-Cx26 C60F ; and three independent clones, BL6-Cx26 R143W -1, -2, and -3 containing pcDNA3-Cx26 R143W .
Northern blot analysis. Five micrograms of total RNA extracted from cultured cells, mouse tissues, or in vivo growing tumors were fractionated on 1% agaroseformaldehyde gels, transferred to a nylon membrane, and hybridized to DNA probes labeled with [α-32 P]dCTP by the random hexamer labeling method. The Cx26 probe was prepared from the AscI-ApaI cDNA fragment encompassing the open reading frame. The probes of Cx32 (nucleotides [nt] 50-582) (26) , Cx37 (nt 73-940) (27) , Cx40 (nt 154-826) (28) , and Cx43 (nt 458-1075) (GenBank accession number X61576) were obtained using PCR. The β-actin probe was prepared in the same fashion (3). The blots were washed to a final stringency of 0.1 × SSC and 0.1% SDS at 50°C before exposure. Relative signal intensity was calculated with the BAS 2000 system (Fuji Photo Film Co., Tokyo, Japan).
Western blot analysis. Cell lysates were prepared by alkaline treatment to enrich for integral membrane proteins according to the procedure as described (29) . One microgram of cell lysate proteins was separated by 10% SDS-PAGE and transferred onto an Immobilon membrane (Millipore Corp., Bedford, Massachusetts, USA). The membrane was incubated with mouse anti-Cx26 mAb (1:300 dilution) (CX-12H10; Zymed, San Francisco, California, USA) for 2 hours and then incubated with horseradish peroxidase-conjugated anti-mouse IgG antibody (1:1000 dilution; Cappel Research Products, Durham, North Carolina, USA). After washing with PBS, the blot was reacted with Renaissance chemiluminescence reagents (NEN Life Science Products Inc., Boston, Massachusetts, USA) before exposure. A duplicate gel was stained with silver according to the manufacturer's instructions (Daiichi Pure Chemicals Co., Tokyo, Japan).
Preparation and culture of vein segments. The tissue preparation was done essentially according to the procedure as described (30) . Vein segments (measuring approximately 8 mm) were dissected carefully from the thoracic portion of inferior vena cava (IVC) of freshly sacrificed mice and immediately transferred into growth medium. Afterward, a thin sonde was inserted into the lumen of the vein, and a longitudinal cut was made by a scalpel blade on the vein wall along with the sonde. The vein segment, with its luminal surface uppermost, was carefully stretched and pinned to a sheet of silicone rubber using minute pins (Watkins & Doncaster, Kent, United Kingdom). As soon as the segment was fixed, the rubber sheet with the vein was placed on the bottom of a 35-mm culture dish filled with growth medium. The area of the opened vein was approximately 7 mm × 7 mm square. After the preparation above, the dye-transfer assay was performed using the vein culture. Some segments of vein were used to visually monitor endothelial integrity. At 0, 2, 4, and 6 hours after the initiation of the culture, vein segments were incubated for 1-2 minutes at room temperature in PBS containing 0.01% trypan blue (Flow Laboratories, Irvine, Scotland), and observed through a stereomicroscope (SZH-ILLD; Olympus Optical Co., Osaka, Japan).
Dye-transfer assay. To label melanoma cells, 2'7'-bis(carboxyethyl)-5(and-6)carboxyfluorescein (BCECF) acetoxymethyl ester (Dojindo, Kumamoto, Japan) was added to a log-phase culture at a final concentration of 1 µM. Three hours later, the medium was changed and cultivation was continued for 1 hour. Cells were harvested and washed three times with PBS. Almost all the cells displayed equal fluorescent intensity. In vitro GJIC formation between melanoma cells, between melanoma and NIH3T3 cells, between melanoma and SVEC4-10 cells, and between melanoma and HUV-EC-C cells was estimated using the monolayer cell culture as described (15) . To prepare the coculture of melanoma cells and a vein segment, BCECF-labeled cells (10 6 ) were seeded on the vein segment that had been placed on the bottom of a 35-mm culture dish. At various time points, the cocultured tissue was fixed with 3% glutaraldehyde in phosphate buffer (0.1 M, pH 7.2) and observed directly through an Axioplan2 microscope (Carl Zeiss, OberKochen, Germany) equipped for epifluorescence. The fluorescent intensity was converted into 256-color spectrum by Adobe Photoshop (Ver 3.5, Adobe Systems Inc., Mountain View, California, USA) software on a Macintosh computer. The number of cells showing dye coupling with endothelial cells was calculated by observing 500 cells per dish and pooling the data from three experiments.
Immunohistochemistry. Vein segments at various intervals of cultivation and human melanoma tissues were fixed with 4% paraformaldehyde, embedded in paraf- fin, and cut serially. Sections were incubated with antibodies against Cx26 (CX-12H10; Zymed), Cx43 (clone 2; Transduction Laboratories, Lexington, Kentucky, USA), VE-cadherin (cadherin-5; clone 75; Transduction Laboratories), paxillin (clone 349; Transduction Laboratories), integrin αv (H9.2B8; PharMingen, San Diego, California, USA), and PECAM-1 (MEC13.3; PharMingen) at 1:100 dilution overnight at 4°C. For negative controls, isotype-matched immunoglobulins, mouse IgG1 (MOPC-21; Sigma Chemical Co., St. Louis, Missouri, USA); hamster IgG, group 3 (A19-4; PharMingen), and rat IgG2a (R35-95; PharMingen), were used at the concentration as specific antibodies. The sections were washed with PBS and stained with FITCconjugated secondary antibodies at 1:1000 dilution using anti-mouse IgG (MBL, Nagoya, Japan) for Cx26, Cx43, VE-cadherin, and paxillin; anti-hamster IgG (cocktail; Pharmingen) for integrin αv; and anti-rat IgG (MBL) for PECAM-1. Sections were observed through an Axioplan2 microscope (Carl Zeiss) equipped for epifluorescence. Adjacent sections were stained with hematoxylin and eosin (H & E).
Spontaneous metastasis assay. Cells (2 × 10 5 ) were injected subcutaneously into the footpad of a 4-week-old, male C57BL/6 mouse (four mice per clone). Tumor size was monitored by direct measurement of diameters every 2 or 3 days. Three weeks later, when tumors reached a diameter of 8-10 mm, tumor-bearing legs were amputated along with the right popliteal lymph node. The mice were allowed to survive a further 4 weeks; then autopsies were performed and metastatic colonies formed in the bilateral lungs were counted. Independent experiments were repeated three times.
Human melanocytic samples. Melanoma samples were obtained from 12 patients with skin melanoma. The patients underwent surgery at the time of diagnosis and their progress was followed for more than 5 years in the Osaka University Hospital. Five lesions with intradermal nevus were excised from individual patients in the same hospital. Surgical samples were fixed in 4% paraformaldehyde and paraffin-embedded. Sections were used for diagnosis and immunohistochemistry. Melanoma lesions were diagnosed according to Clark's level (31) .
Results
Cx26-dependent dye coupling between melanoma and endothelial cells. While examining the difference in gene expression levels between F10 and BL6 cells by the cDNA subtraction method, we found that Cx26 gene expression was upregulated by fivefold in BL6 cells (Figure 1a) . Consistently, BL6 cells expressed a significantly higher level of the Cx26 protein compared with F10 cells (Figure 1b) . In B16, which is the parental strain of both F10 and BL6 cells, the expression level of the Cx26 gene and protein was similar to that of F10 cells (data not shown). The mRNA levels for other connexins were below the limit of detection in both F10 and BL6 cells (Figure 1a) . mutations were detected in their coding regions. We performed the dye-transfer assay to examine whether GJIC ability increased in BL6 cells. Under in vitro culture conditions, neither F10 nor BL6 cells showed any GJIC ability by themselves (data not shown). We also examined dye transfer from melanoma to NIH3T3 fibroblastic monolayer cells and from melanoma to SVEC4-10 or HUV-EC-C endothelial monolayer cells under in vitro culture conditions. Here again, little or no dye coupling was detected (data not shown). Hence, we devised a coculture in which we placed an opened vein segment, with its luminal surface uppermost, at the bottom of a culture dish and seeded melanoma cells onto it. We investigated whether opened IVC segments preserved the integrity of the endothelial cell monolayer during cultivation. At the start of cultivation, only the luminal surfaces of the IVC segments located close to the cut edges were stained with trypan blue, but the central regions (above 80% of the total surface) were not (data not shown). This was the case for IVC segments after 2-6 hours of cultivation (data not shown). To further identify the endothelial cells, transverse sections of the IVC segments were reacted with antibodies against PECAM-1 and integrin αv, two proteins specifically expressed on endothelial cell membranes. Both antibodies stained the luminal surface of the IVC segment (Figure 2, a and  b) . In addition, the reactivity of the anti-integrin αv antibody drew a line that paralleled the luminal surface, corresponding to the endothelial basal membrane (Figure 2b ). These results indicated that IVC segments retained a continuous endothelium in their uppermost layers despite the occasional absence of nuclei. The VEcadherin antibody preferentially stained the endothelial luminal membranes; some staining appeared to locate at the site of endothelial cell-cell attachment (Figure 2c) . Paxillin staining was detected as punctate inside the endothelial cells and mainly overlapped with integrin αv staining (Figure 2d ). Northern blotting using the IVC segment revealed that the mRNA levels for connexins other than Cx43 were below the limit of detection (Figure 1a ). The Cx43 protein was located widely in the endothelial cytoplasm, but some staining was concentrated at the site of endothelial cell-cell attachment (Figure 2e ). The immunoreactivity of endothelial cells did not change after 6 hours of cultivation (data not shown). No specific immunostains were detected in any negative control experiments (data not shown). These results suggested that endothelial cells preserved their integrity with respect to both cellcell and cell-extracellular matrix interactions throughout the culture periods.
When F10 or BL6 cells were seeded onto the opened IVC segments, most melanoma cells settled down on the IVC surface within 2 hours. Consistent with the result of Western blot (Figure 1b ), BL6 cells, but not F10 cells, expressed Cx26 during the coculture period ( Figure 3, a and b) . Some immunostaining was con- centrated on the BL6 cell membrane facing the vein (Figure 3b) . Next, we seeded BCECF-labeled melanoma cells onto the IVC segment and observed the dye-transfer profile directly above the coculture with a microscope equipped for epifluorescence. At 2 hours of coculture, all the F10 and BL6 cells displayed strong fluorescence in their cytoplasm, demonstrating the absence of dye transfer (Figure 3, c and d) . When we scanned the coculture at 4 hours, we occasionally found a weakly fluorescent area around the BL6 cells, but not around the F10 cells (Figure 3e) . At higher magnification, dye transfer from BL6 cells into endothelial cells was clearly demonstrated (Figure 3f) . The dye was also transferred between neighboring endothelial cells. At 6 hours, most BL6 cells lost their fluorescence, whereas most F10 cells remained as fluorescent as those at 4 hours (data not shown).
To examine this phenomenon more systematically, we prepared five dishes containing cocultures of F10 or BL6 cells with IVC segments. Each cocultured tissue was fixed with glutaraldehyde every 15 minutes from 3 hours 30 minutes to 4 hours 30 minutes. In each coculture, we examined 500 BCECF-labeled F10 or BL6 cells seeded onto the IVC segment. At 4 hours of coculture, on average, 22 BL6 cells showed dye coupling with endothelial cells (Figure 3g ). When we observed the cocultured tissues fixed at other intervals, the number of BL6 cells showing dye coupling with endothelial cells was similar to that at 4 hours (data not shown). In contrast, little or no dye coupling was observed in any F10 cell-containing cocultures.
Various F10 and BL6 clones were obtained by transfection with wild-type and mutant forms of Cx26 and Cx32 (Figure 4b, blot) . The C60F, P87L, and R143W mutations of Cx26 locate in the first extracellular and second and third transmembrane domains, respectively, and exert different dominant-negative effects on Cx26 (25) . The former abrogates Cx26-mediated GJIC and the latter two abrogate Cx26-mediated cell growth control in HeLa cells (25) . Transfectant clones were examined for GJIC ability with endothelial cells according to the protocol above. Figure 3g showed the results of the 4-hour coculture; the results at the other four intervals were essentially similar. F10-Cx26 WT -1, -2, and -3 cells showed dye coupling as frequently as BL6 cells. Transfection with the C60F or R143W-mutant form did not elevate the dye-coupling ability of F10 cells, whereas transfection with the P87L-mutant form produced a few dye coupling-competent F10 cells. Thus, the former two mutant forms were introduced into BL6 cells to examine whether these mutant forms abrogate the dye-coupling competency of BL6 cells. Among cells of two BL6-Cx26 C60F and three BL6-Cx26 R143W clones, only a few showed dye coupling, indicating a dominant-negative effect of the C60F and R143W mutations in this assay. F10-Cx32 WT -1 and -2 cells were deficient in dye coupling.
Metastatic phenotype of Cx transfectants. We examined the metastatic proficiency of dye coupling-competent F10 clones and dye coupling-deficient BL6 cells. The original melanoma cells and their transfectants were injected subcutaneously into mouse footpads. Tumor growth at the injection sites was the same among all the clones examined (Figure 4a ). F10 clones transfected with wild-type Cx26 were more metastatic than untransfected F10 cells, and transfection with mutant
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The forms of Cx26 did not alter the metastatic phenotype of F10 cells (Figure 4b ). Some lung colonies produced by F10-Cx26 WT clones looked amelanotic, which contrasted with the solid black appearance of BL6-derived colonies (Figure 4c ). C60F and R143W mutations produced an inhibitory effect on the spontaneous metastasis of BL6 cells. Of the five dye coupling-deficient BL6 clones, BL6-Cx26 C60F -1, BL6-Cx26 R143W -1, and -3 cells displayed threefold less metastatic colonies compared with the original BL6 cells (Figure 4, b and c) . On the other hand, the reduction in the number of metastatic colonies by other BL6 clones was small. There was the possibility that the in vivo expression levels of Cx26 differed from that of the in vitro levels. We examined the Cx26 gene expression in the tumors of various clones growing in footpads and lungs and found that the expression level for the endogenous and exogenous Cx26 gene in each clone was essentially the same as that of cultured cells (data not shown).
Cx26 expression in human melanoma. The clinical relevance of Cx26 to malignant phenotypes of human melanocytic lesions was assessed by immunohistochemistry. We examined five cases with intradermal nevus, five cases with in situ melanoma (Clark's level I), and seven cases with more advanced melanoma (Clark's level III or IV). Nevus cells and in situ melanoma cells were Cx26 negative in all of the cases examined (data not shown and Figure 5, a and b) . In the specimen of nevus, we observed the epidermis apart from the nevus lesion and found that melanocytes were also Cx26 negative under physiological conditions (data not shown). 
Discussion
Although Cx expression in melanocytes or melanoma cells has not been studied intensively, we found that BL6 cells expressed the Cx26 gene as abundantly as liver tissues. Hepatocytes are one of the cell types that express Cx26 most abundantly and exhibit an efficient dye coupling with one another (32, 33) . Since there was no mutation in the coding sequence of the Cx26 mRNA expressed in BL6 cells, BL6 cells were expected to be as GJIC proficient as hepatocytes. Unexpectedly, we could detect little dye coupling between BL6 cells in culture. Also, little or no dye transfer was detected from BL6 cells into endothelial cells cultured on dishes. Instead, we detected dye transfer from BL6 cells into endothelial cells making up the IVC. In addition to BL6 cells, F10 cells acquired the similar dye-transfer ability by transfection with Cx26. Transfection with dominant-negative forms of Cx26 abrogated the dye-coupling proficiency of BL6 cells. These results indicated that dye-coupling between melanoma and endothelial cells was a Cx26-specific event. However, the nature of the connexins on endothelial cells that participate in the formation of gap junctions with Cx26-expressing melanoma cells remains unclear. There was little, if any, Cx26 expression in the IVC segments at either the mRNA or protein level (Figure 1a and Figure 3, a and  b) . It has been shown that a heterotypic gap junction between Cx32 and Cx26 transferred dye as efficiently as a Cx26-homotypic gap junction (34) . However, it is not likely that Cx32 on endothelial cells is a counterpart of Cx26 on melanoma cells, since Cx32-transfected F10 clones were deficient in dye coupling with endothelial cells. Endothelial cells have been known to express several Cx subtypes, including Cx37, Cx40, and Cx43 (35). We detected the Cx43 gene expression in the IVC segments ( Figure 1a ) and determined the Cx43 protein localization in endothelial cells of IVC (Figure 2e) . However, the Cx26-Cx43 heterologous gap junction is insufficient for communication between Cx-transfected HeLa cells in culture (34) . Efficient formation of GJIC requires the integrity of both cell-cell and cell-extracellular matrix interactions (36) (37) (38) . Since endothelial cells of the IVC segment appeared to preserve this type of integrity (Figure 2 ) they could communicate with melanoma cells through the Cx26-Cx43 heterologous gap junction.
At most, 5% of the BL6 cells seeded onto IVC segments transferred dye into endothelial cells at a given time point. This raises the possibility that only a portion of the BL6 cell population was able to transfer dye. The following results may throw some light on this issue: (a) at 6 hours, most BL6 cells had lost their fluorescence, whereas most F10 cells remained as fluorescent as those at 4 hours; (b) the expression level of the Cx26 gene in BL6 cells did not change even after their metastasis into the lung; and (c) none of the transfectant clones of BL6 displayed altered expression levels of the endogenous Cx26 gene (Figure 4b ). These results do not exclude, but rather favor, the interpretation that BL6 cells were a dye coupling-competent cell population. On the other hand, F10 cells rarely showed dye coupling with endothelial cells at any time point, indicating that F10 cells are a dye coupling-deficient cell population.
We examined whether such a difference in GJIC ability might be involved in metastasis of F10 and BL6 cells. All the three dye coupling-proficient F10 clones, obtained by transfection with wild-type Cx26, were as spontaneously metastatic as BL6 cells. Three out of five dye coupling-deficient BL6 clones, obtained by transfection with dominant-negative forms of Cx26, significantly reduced their spontaneously metastatic potential. On the other hand, the reduction in the number of metastatic colonies was small in the two BL6 clones of the rest. This may have been due to the lower expression of C60F and R143W dominant-negative forms in these clones in vitro (Figure 4b, blot) . Although there were no direct data to indicate how Cx26 might exert its effects in vivo, the results above suggested an involvement of heterologous gap junction between melanoma and endothelial cells in spontaneous metastasis. F10 cells are as proficient as BL6 for the colonization of the lung after intravenous injection, but deficient after subcutaneous injection (1) . The metastatic behavior of BL6 cells appears to differ from that of F10 cells before or during the process of tumor cell intravasation at the primary site. Cx26 may function during the process of intravasation around the primary sites. This is reminiscent of a report that demonstrated GJIC formation between leukocytes and endothelial cells at the site of leukocyte permeabilization of blood vessels (39) . Melanoma cells are likely to use the same GJIC-dependent mechanism to enter the blood vessel (40, 41) . This type of heterologous GJIC might trigger the endothelial cell dissociation at the site of a tumor cell-endothelial cell interaction (42) . However, our data could not rule out Cx26 involvement in other stages of metastasis.
Cx26 expression was low not only in melanocytes and nevus cells, but also in melanoma cells that were still resident in the epidermal basal layer. The results were consistent with the fact that Cx26 has been characterized as a carcinogenesis suppressor (11, 15) . In contrast, melanoma cells markedly increased their expression level of Cx26 after detachment from the epidermis and in the process of invading the dermis ( Figure 5) . Kamibayashi et al. (21) reported the decline of Cx26 expression in the course of development of carcinogenesis from papilloma to squamous cell carcinoma, another type of skin tumor originated from keratinocytes. Interestingly, they also demonstrated that Cx26 expression apparently increased in the cancer cells metastasizing into lymph nodes. Their results and ours consistently suggest a possibility that once tumor cells have acquired autonomous growth potential and detached from the primary sites, higher expression of Cx26 may promote invasion and metastasis.
Several recent reports support this speculation. Vaccines prepared from Cx37-derived peptides have been reported to protect mice from spontaneous metastasis of Lewis lung carcinoma (43) . Transfection with Cx43 increased the invasive potential of HeLa cells on heart cells after formation of heterotypic dye coupling between both cells (44) . Here, we found a correlation in melanoma cells between their metastatic phenotypes and GJIC proficiency. Malignant glioma ranks with malignant melanoma as a tumor with a very poor prognosis (45, 46) . Recently, functional gap junctions were found to form between glioma cells and surrounding astrocytes, resulting in the phenotypic transformation of the astrocytes (47) . This kind of Cx function might be called "acclimation." Both glioma and melanoma cells are able to communicate directly with distinct types of normal host cells. Glioma cells, characterized by their diffuse infiltration into surrounding brain tissue (45) , are coupled with astrocytes. Melanoma cells, characterized by a high incidence of metastasis (46) , are coupled with endothelial cells. Such couplings might contribute to the susceptibility of the host to tumor invasion.
